The aim of this study was to analyse the effectiveness of new haematology parameters related to reticulocytes and mature red blood cells to differentiate pre latent and latent iron deficiency. The study included 219 female athletes (aged 15-20 years) representing volleyball, handball, cycling, canoeing, crosscountry skiing, swimming and judo. To assess iron status the concentration of ferritin, soluble transferrin receptor (sTfR), iron and total iron binding capacity (TIBC) were determined in serum. In addition to blood morphology, the mean cellular haemoglobin content in erythrocytes (CH) and reticulocytes (CHr), mean cellular haemoglobin concentration in reticulocytes (CHCMr), the percentage of erythrocytes (HYPOm) and reticulocytes (HYPOr) with decreased cellular haemoglobin concentration, the percentage of erythrocytes (LowCHm) and reticulocytes (LowCHr) with decreased cellular haemoglobin content, and percentage of erythrocytes with decreased volume (MICROm) were determined. Subjects with ferritin <30 ng/ml were classified as having stage I (pre-latent) iron deficiency (ID). The second stage (latent ID) was diagnosed when low ferritin was accompanied by elevated sTfR and/or elevated TIBC values. The frequency of ID (without anaemia symptoms) was high, amounting to 60% (stage I in 45%, stage II in 15% of subjects). In subjects with stage I ID significant changes in haematological variables concerned mainly reticulocytes: CHCMr (p<.001), CHr (p<.05), LowCHr (p<.05), HYPOr (p<.001) in comparison to normal iron stores. In athletes with latent ID, there were also significant changes (p<.001) in many indices of mature red blood cells, i.e. haemoglobin concentration (Hb), mean corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), CH, %LowCHm, as well as %MICROm (p<.01) in relation to the group without iron deficiency. The main finding of this study was that the diminished or exhausted iron stores had already caused changes in reticulocytes, and intensified iron deficiency (stage II) increased changes in both reticulocytes' and erythrocytes' hypochromia indices, while microcythaemia symptoms appeared later. This suggests that the markers of hypochromia relating especially to reticulocytes are useful for diagnosis of early ID in athletes with absence of an acute phase reaction.
INTRODUCTION
Iron deficiency is still common, especially among females of reproductive age [1] . Female athletes are considered to be at greater risk of compromised iron status than their inactive counterparts [2, 3, 4] .
Iron status is the result of the balance between the rate of erythropoiesis and the size of the iron stores [5] . Negative iron balance in female athletes might be due to insufficient dietary iron intake [6] , menstrual blood losses [7] , increased iron losses via haemolysis, sweating, gastrointestinal bleeding, urinary blood losses [8] and increase of hepcidin concentration due to exercise induced by acute inflammation [9] .
The gold standard for diagnosis of ID is bone marrow aspiration.
However, this method is rarely used, and less invasive blood iron Reticulocyte and erythrocyte hypochromia markers in detection of iron deficiency in adolescent female athletes AUTHORS: Malczewska-Lenczowska J 1 of mature erythrocytes (120 days), the detection of latent and overt iron deficiency may be delayed. Additionally, the substantial changes in plasma volume often observed in athletes [14, 15] do not facilitate the proper evaluation of haematological status, falsely indicating for example iron deficiency anaemia.
So far, no consensus has been reached on the best definition of ID. Therefore the search is ongoing for new markers that could be more reliable in assessing iron status.
In recent years, the development of haematology analyzers has allowed for the implementation of new indicators of mature red blood cells and reticulocytes. Automated reticulocyte analysis by flow cytometry provides both the number of reticulocytes as well as several indices of them that can be helpful in the diagnosis of iron status [16] . These indicators are good in the detection of ID because reticulocytes have a short normal life span. They persist in the circulation for only 24-48 hours; therefore the haemoglobin in reticulocytes is a good early marker of iron deficiency [5, 17, 18] . The amount of haemoglobin in reticulocytes is expressed by mean cellular haemoglobin content in reticulocytes (CHr), which estimates the actual availability of iron to the erythron. Imbalance between the [19, 20] . It seems that these markers may also be useful in detection of iron deficiency in the two first stages, i.e. pre-latent and latent iron deficiency. The last study of Urrechaga et al. [18] indicated that markers of hypochromia are reliable tests for quick detection of subclinical iron deficiency in non anaemic premenopausal women. So far, there are only a few studies using reticulocyte and erythrocyte indicators of hypochromia in assessing iron status [3] and detection of early stages of iron deficiency in athletes [21, 22] .
The aim of this study was to analyse the effectiveness of new haematology parameters related to reticulocytes as well as mature red blood cells to differentiate pre-latent and latent iron deficiency. Basic data concerning subjects are presented in Table 1 .
MATERIALS AND METHODS

Subjects
Blood analysis
To assess iron status the blood was withdrawn from the antecubital vein in the morning (between 8 and 9 a.m.) in the preprandial state, after overnight fasting. To eliminate any residual effect of physical movement and ensure the data collected reflect a time resting baseline, sample collection started after 10-15 min rest in a seated position.
In whole blood the following measurements were performed in mature erythrocytes using the ADVIA 120 haematology system (Sie- All analyses were done in a laboratory with an implemented quality system.
On the basis of results of ferritin and sTfR concentrations, body iron stores were calculated, using a special algorithm, which was developed by Cook et al. [23] exclusively for sTfR determined by the Ramco method.
The definition of each stage of ID was based on ferritin, sTfR, TIBC and 3 basic morphological indices, i.e. Hb, RBC and HCT.
Subjects in whom the value of ferritin was lower than 30 ng/ml were ric Kruskal-Wallis ANOVA with multiple comparisons was used to test differences between groups of athletes with two stages of iron deficiency and athletes with normal iron status. The frequency of iron deficiency between studied sports disciplines was analyzed by the chi-square test. Statistical analysis was performed using STATIS-TICA (data analysis software system), version 12. Results were considered significant if the two-tailed p-value was less than 0.05.
RESULTS
The frequency of iron deficiency was high: 60%. Identified deficiencies were exclusively latent, since in no case of iron-deficiency anaemia was detected. The first stage, i.e. pre-latent iron deficiency, was 
Statistical analysis
The distributions of raw data in the case of ferritin, sTfR and iron concentrations as well as #RET and RDW values differed from normal (Kolmogorov-Smirnov test p<0.20); therefore the non paramet- frequency of iron deficiency was observed in judo (85%), whereas the lowest was observed in cycling (38%) (Figure 2 ).
The iron status and haematological indices in the three groups of female athletes i.e. with stage I and II and without iron deficiency are presented in Table 2 . Since the ferritin concentration was used Table 2) .
Differences between the two groups with iron deficiency (stage I and II) concerned both haematological and iron status indices and were very similar to those observed between groups with normal iron status and stage II ID (Table 2) .
DISCUSSION
Iron is a micronutrient involved in numerous biologic processes, many of which are vital for not only health but also athletic performance [25, 26, 27] . On the other hand, iron deficiency is the most common deficiency in the world, and some studies indicate that in athletes iron deficiency occurs more frequently than in the general population [27, 28, 29] . For these reasons early detection of iron deficiency in athletes is of great importance.
The incidence of iron deficiency observed in this study was high (60%) -the highest reported so far in Polish female athletes.
In our earlier studies the incidence of latent iron deficiency in young female athletes at the same age ranged from 26% in the 1990s [7] to 57% in 2009 [30] . It is worth noting that in the present study iron status was assessed only in healthy athletes without symptoms of infection or inflammation, which minimized false negative results.
Moreover, our results agree with other studies. Similarly high rates of iron deficiency over 50% were observed in adolescent Swedish [29] and young German [31] athletes practising different sports as well as in elite Swedish female soccer players aged 16-28 years [32] .
Relatively high incidence of iron deficiency (from 50 to 89%) was confirmed by results in highly active American women [4] and in
Canadian junior elite soccer players [33] , although it should be emphasized that the frequency of iron deficiency varied in accordance with applied criteria, most of all the value of ferritin. In this study the highest frequency of iron deficiency observed in female judoists could be the result of the periodic dietary restrictions due to the necessity for weight reduction.
In healthy persons, serum ferritin concentration is a marker of iron stores, and low levels of this parameter unequivocally indicate
FIG. 1.
Percentage of female athletes with and without iron deficiency.
FIG. 2.
Frequencies of iron deficiencies in the studied sport disciplines. Note: chi-square=17.03; p<0.05.
decreased or depleted iron stores. Due to the wide inter-individual variation of serum ferritin in females (10-120 ng/ml -according to the Pentra method) the lower limit is not well established for identification of iron deficiency [1] . Ferritin levels lower than 12 ng/ml are generally considered as a marker of depleted iron stores (absolute iron deficiency), but in athletes very often higher values from 16 to 35 ng/ml are used to detect iron deficiency [4, 7, 25, 31, 32, 33] . The use of values of ferritin higher than 12 ng/ml as a criterion of absolute iron deficiency is reasonable, because a classical study found that signs of iron-deficient erythropoiesis in premenopausal women started already at ferritin concentrations ranging from 25
to 40 ng/ml [34] . There are also results indicating a lack of iron in the bone marrow at a ferritin concentration of 30 ng/ml [35, 36] .
Mast et al. [35] showed that application of a critical cut-off value of 30 ng/ml for diagnosing iron deficiency resulted in improved sensitivity and specificity of ferritin to 92% and 98%, respectively, and only one of the results was falsely positive, when this diagnostic limit was adopted. Many reports concerning not only athletes applied a ferritin level of 30 to 35 ng/mL as the common denominator for considering ferritin as low and thus initiating iron supplementation [5, 18, 31, 36, 37, 38] . It seems reasonable, because in the present study in athletes with stage II ID (with elevated values of TIBC and/or sTfR) serum ferritin concentration was in the range 5-28 ng/ml, among which in 13 subjects (45%) it exceeded 12 ng/ml, and in 3 athletes it was higher than 20 ng/ml. Similar results were observed in the Di Santolo et al. study [2] , in which about half of female athletes with elevated sTfR had serum ferritin above 12 ng/ml. For all these reasons, in the present study the value of ferritin of 30 ng/ml was applied as the lower limit for assessing iron status. Furthermore, we wanted to characterize each stage of iron deficiency in terms of hypochromia indices, using milder, but often used in athletes, criteria of iron deficiency.
Reticulocytes are the youngest red blood cells which are released from the bone marrow into circulating blood. They mature for 1-3 days within the bone marrow and circulate for 1-2 days before becoming mature erythrocytes. This short period of residence in the blood means that indices of reticulocytes better reflect the current iron supply to the bone marrow for red blood cell production than for mature erythrocytes [17] . Among the indices of immature red blood cells, reticulocyte haemoglobin content (CHr) is the most frequently used as an early marker for diagnosis of iron deficiency in adults [35] and children [17] . Other indicators of reticulocytes as well as erythrocytes such as percentage of hypochromic cells (%LowCH, and %HYPO) and mean cellular haemoglobin concentration in reticulocytes (CHCMr) are studied less frequently, but they are very important since they indicate haemoglobinization of mature and immature red blood cells [5] .
Significantly lower values of indicators concern haemoglobin con- have not been established [5] . The development of iron deficiency is a process, and it is difficult to identify when synthesis of haemoglobin start to be impaired, and these new indicators especially of reticulo-REFERENCES cytes help to determine this moment. The present results indicate that in female athletes the first disturbances in erythropoiesis due to iron deficiency begin when only ferritin concentration is decreased.
The lack of response of the hypochromia indices during acute phase reaction increases their usefulness in detecting disturbances of iron turnover in erythron. It may suggests their role as usefull pre-screening markers of disorders related to iron deficiency, when for example ferritin or another markers of iron status are unavailable. It is also worth to note that in cost/benefit terms, monitoring of hypochromia markers is economically beneficial due to relatively low cost of determination, therefore it seems reasonable to include hypochromia indices to assess iron status, only if the necessary equipment is available.
CONCLUSIONS
The main finding of this study was that the diminished or exhausted iron stores have already caused changes in reticulocytes, and intensification of iron deficiency (stage II) increases changes in both reticulocyte and erythrocyte hypochromia indices. These results indicate that the markers of hypochromia relating especially to reticulocytes are useful for diagnosis of early stages of iron deficiency in athletes with absence of an acute phase reaction.
The analysis of these new indicators in conjunction with routine morphological measurements and standard iron parameters allows for better assessment of iron status and more accurate and earlier diagnosis of the degree of iron deficiency. It is important, because despite the lack of anaemia, among studied female athletes, the frequency of latent iron deficiencies (stage I and II) was very high.
Moreover, the relatively high percentage of female athletes with stage II iron deficiency with more pronounced changes in haematological indices indicates that competitive young female athletes should be regularly monitored, to prevent the development of iron-deficiency anaemia.
